denervation studies of muscle have been carried out to a considerable extent in order to observe the process of atrophy. The majority of investigations have been performed on the gastrocnemius muscle in the white rat (I). It was believed desirable to obtain further information on the effects of denervation on another muscle, preferably one with a different rate of metabolism than the gastrocnemius (2) .
In this study, the weight changes, oxygen requirement, connective tissue and total fluid of the left hemidiaphragm have been studied and compared with similar data for the other denervated muscles of this animal which are available in the literature (3, 4) .
METHOD
White rats were chosen for these experiments partly because metabolic data was available for the diaphragm and other skeletal muscles (2) . Also, rat diaphragm is thin enough so that determination of the rate of oxygen consumption may be made without slicing or teasing. Finally, the rate of atrophy of another skeletal muscle of the rat, the gastrocnemius, is well known (5, 6) . For the surgical procedure, 35 mg/kg. of 6 per cent Nembutal solution was injected intraperitoneally, and no aseptic precautions beyond cleanliness and clipping the hair were observed.
Initial attempts to denervate the diaphragm by avulsion of the phrenic nerve in the cervical region, unexpectedly increased the weight of the denervated muscle. This was at first attributed to incomplete denervation (7) . The phrenic nerve is formed from branches of C 3,4,5. The branches of Cg were suspected of joining the main trunk below the avulsed portion in some instances. Therefore, another method was sought.
Initial attempts at an intrathoracic phrenicectomy by an intercostal approach led to fatal pneumothorax.
A highly successful pressure procedure was then adopted. A tank of oxygen was used as a pressure head. The oxygen was led by one branch of a Y-tube to an escape tube submerged I cm. under water. The other stem of the Y-tube carried the oxygen through a receptacle containing soda lime for absorption of carbon dioxide and into a thistle tube fitted with a rubber cuff to receive the rat's head. Thus, the lungs were forced to overcome a pressure of I cm. of water in order to expire fully. When the thorax was opened, the left lung functioned from a position of partial collapse but the degree of filling of the lungs could be increased or decreased by adjusting the pressure.
Usually the left phrenic nerve was sectioned because, since it descends along the lateral surface of the pericardium, it is more easily accessible than the right phrenic nerve which adheres closely to the inferior vena cava. After phrenicectomy, the lungs were distended to fill the thoracic cavity by increasing the positive pressure. The wound edges were drawn closely around the tip of a syringe by means of which any air remaining in the intrathoracic space was aspirated and the wound was sutured in layers.
The rats were killed from z to 492 days after the operation. The operated and control animals were weighed, decapitated and placed in a cold moist chamber before the thoracic and abdominal contents were exposed. The mesenteric attachments of the viscera were carefully cut away from the diaphragm, as were the pleura and fat on the thoracic side. The lateral four-fifths of the rat diaphragm is muscle and the mid-portion is composed of the thin connective tissue of the central tendon. In the midline of the central tendon is a faint Zinea alba, and a section along it divides the diaphragm into two halves. The narrow ventral slip on one side was carefully separated from the xiphoid process by use of a scalpel. The rest of the hemidiaphragm was carefully removed. Special precautions were taken not to include fleshy portions of the lateral thoracic wall. The two halves of the diaphragm, similarly prepared, were placed in a Petrie dish on a piece of filter paper moistened with isotonic saline.
Each large dorsal slip, which had also been divided and removed, was next. dissected away along the tendinous partitions which separated them from the rest of the diaphragm muscle, and discarded along with bits of fat, pleura or blood clots that may have been present. The dorsal slips were discarded because it would have been difficult to separate them into atrophied and unatrophied portions. In addition, the innervation of these structures were unknown to us. Removal of the central tendon was not attempted because it was believed (correctly, as later observations showed) that late atrophy would make the separation of the central tendon from atrophied muscle impossible. Each hemidiaphragm was divided into portions and the samples placed in previously prepared Warburg flasks for the determination of rates of oxygen consumption. The average time from the death of the animal to the beginning of the determination was 30 to 35 minutes, including equilibration time. Standard Warburg technique were used (8) . Tissues were removed from the Warburg flasks and washed repeatedly in NaOH solution to remove all but the sclero-proteins (9) . After a negative biuret test for protein was obtained, the tissues were washed in distilled water, and the fat extracted with alcohol and ether. The residual connective tissue was then dried in an oven to a constant weight. Evaluation of Atrophy. For the evaluation of the degree of atrophy of skeletal muscle it has been common practice to compare the weight of the denervated or inactivated muscle with the identical normal muscle of the other side of the body of the same animal. In the case of the diaphragm the normal hemidiaphragms are not of equal weight, the right half being the heavier; and it is possible that, following section of one phrenic nerve, the more heavily loaded normal side might hypertrophy. The difference in weight of a denervated hemidiaphragm from its contralateral half was therefore rejected as a measure of the degree of atrophy.
Twenty male and twenty-two female rats were used to establish the normal relationships of the right and left hemidiaphragms to the body weight over a considerable range of body size. It proved necessary to consider the data for males and females separately. As may be seen from figure I, the left half of the diaphragm is the lighter in both sexes. The method of least squares was used to fit a line to each portion of the data. At the extremes of body weight curved lines might best represent the relationships observed, but for the greater part of the range straight lines appeared to fit the data well. All of the following analyses are based upon comparison of the weight of the particular hemidiaphragm with that of the normal hemidiaphragm from a control animal of the same weight and sex.
In a second approach to the problem the algebraic sums of the differences in weight of both normal and denervated sides compared to the normal relationships were determined.
This method of analysis, which might help to compensate for weight changes in the animals, gave a general picture like the one presented below, but with a greater dispersion of the data, hence the numerical result of this analysis is omitted as the less useful of the two. 
OFTHE WEIGHTS
Of th e hemidiaphragms weights. Lines fitted to the data by the method of least squares.
of male and female rats to body One major difficulty remains. Since atrophy was determined by comparison of the diaphragm of the operated animal with that of the normal animal of equal weight, body weight changes might prove critical. In animals kept only a short time after the operation there was customarily a loss in body weight. In animals kept for long periods of time after the operation there was usually an increase in body weight. At least part of the scatter of points in the graphs presented is due to the use of animals of different original weights so that varying degrees of growth supervened. In an effort to reduce body weight effects to a minimum the results were analyzed in three different ways: employing weight of the experimental animal at time of operation, employing weight at time of death or using maximum weight. The least scatter of the data was secured using the last criterion. All three methods of analysis gave qualitatively similar results and the quantitative differences were not great enough to warrant presenting the results of each analysis. All results reported here are based then upon the maximum weight of the animal. If it lost weight as a result of the operative procedure, the preoperative weight was taken as normal; if an animal gained weight following the operation the new weight was the basis of comparison. Some examples illustrating the ranges encountered may be seen in table 2, where both original weight and weight at time of death are shown.
RESULTS
The time course of events following shortly upon section of the left phrenic nerve was most unexpected. Figure 2 is a graph of the weight changes of 68 left hemidiaphragms denervated for periods from I up to 492 days (cf. IO). Inspection of the graph reveals that soon after denervation there was a rapid increase in the weight of the left diaphragm over normal. This increase, which will be called hypertrophy until further information is available, reached a maximum 6 to 9 days after denervation. Within this time increases in weight of 25 .i o: right phrenic nerve was sectioned instead of the left, a corresponding weight increase was noted in the right hemidiaphragm.
The hypertrophy was followed by a continuous weight loss, the control weight range being reached 23 to 38 days after operation. Whether or not the decline from peak weight to normal weight is considered to be atrophy, the muscle continues to lose weight and hence a true atrophy occurred. As may be seen in figure 2 , the rate of loss of weight became progressively slower, which has been true of other denervated muscles studied. At 244 and 492 days the denervated hemidiaphragms still weighed about 40 per cent of normal.
In order to learn whether or not fluid was responsible for the increase in weight, wet-dry weight ratios were determined for both hemidiaphragms of an additional series of 14 animals following section of the left phrenic nerve. Although the left hemidiaphragm hypertrophied as before, the wet-dry weight ratio of the denervated side was, on the average, only 2.5 per cent higher than that of the undenervated side 0. M. SOLA AND A. W. MARTTN (table I) . This increase, though statistically significant, can account for only a small part of the hypertrophy.
In vitro oxygen consumption rates of denervated diaphragms from 32 animals were determined.
In almost every case there was a decrease in rate with time. Since great care and a slightly longer time in preparation had to be taken in dissecting free the diaphragm, the values given may be lower than many to be found in the literature. Also, in this work, the central tendon was included. In all cases the value given is the mean of the readings taken for the first 60 minutes after temperature equilibration.
Of a series of control animals the mean 60 minutes QOg of left and right hemidiaphragms were not significantly different. The mean of the entire group was 1.24 No similar weight increase in denervated muscle has been reported, and it is hoped that the phenomenon may be useful as a tool in the study of muscle physiology.
For example, fibrillation of the denervated diaphragm was observed during the period of hypertrophy.
This appears to be uncomplicated evidence, of a different sort than has heretofore been available, corroborating the experiments of Solandt and Magladery (13) which demonstrated that fibrillation is not the cause of atrophy.
The hypertrophy is of a large enough order of magnitude to warrant search for an explanation.
Thomson et al. (14) repeating the work on denervation of rat diaphragm reported by us in 1948 (IS) believe the increase in weight to be nothing more nor less than edema. We have no explanation to offer for their failure to find the hypertrophy.
That an increase in the amount of water follows the denervation of rat muscle had long ago been reported by Hines and Knowlton (16) . We therefore meassured the increased amount of water in the denervated diaphragm of a series of animals and while repeating the observation of an increase in water we find that it will not account for the hypertrophy.
Hypertrophy occurs in partially denervated muscles (7, 17) . A source of innervation to the diaphragm in addition to the phrenic nerve might conceivably account for the event. It has been shown (18) by complete atrophy of the diaphragm that there is no secondary innervation of this structure in the dog. In the rat, the atrophy which followed the hypertrophy also affected the entire denervated hemidiaphragm. Visual inspection of advanced stages of atrophy revealed no borders which were partially innervated by branches of intercostal fibers or of the opposite phrenic nerve. Were Abs. 7/6 the hypertrophy due to partial denervation such complete atrophy would not be expected to occur.
A more attractive hypothesis may be based upon the many recent reports of arrest of muscle atrophy by the application of appropriate electrical stimulation to denervated muscles (19) (20) (21) (22) (23) (24) (25) . The facts have been reviewed so often that specific review is not necessary here. Against the case for transfer of this experience to explain hypertrophy of the denervated diaphragm is the fact that much emphasis has been placed upon the production of active tension by the electrical stimulation (21, 24, 25) . We doubt that a rhythmic active tension was being induced in the diaphragm by a mechanism replacing the normal one. It is conceivable that acetylcholine in the incoming arterial blood might arrive in periodic fashion because of varying internal pressure in the muscle caused by the respiratory excursions, and produce periodic contractions of the sensitized denervated muscle. Suggestively enough maximum sensitivity in denervated rat muscle develops in 7 days after nerve section at a time when hypertrophy is about maximal but, unfortunately for the theory, sensitivity persists for at least 3 weeks (26) while atrophy begins promptly at the 7th day. It must be added that fibrillation in other muscles does not appear to arrest atrophy and should not be assumed to do so in the diaphragm.
In spite of the probable absence of active tension another feature of the experience with electrical stimulation of denervated muscles might be worth considering. Consistent results in preventing atrophy in this way were not obtained until the importance of stretch to the muscle was realized (23, 24) . That static stretch is of no value was shown by the experiments of Huddleston et al. (27) , in which fixation in a position of maximum stretch retarded recovery after atrophy. But stretch during stimulation proved to be of marked importance. We may also recall that stretch is a cause of hypertrophy in cardiac muscle where the innervation is relatively unimportant (28, 29). There can be no question but that the fibers of the denervated diaphragm were stretched by the negative intrathoracic pressure (30) , and that this stretch was renewed rhythmically about 80 times per minute (31) . To rhythmic stretch as a factor might be added the massaging action of liver and lungs through the respiratory cycle. Massage as a factor in preventing loss of muscle power has been described by Hajek et al. (32) . We propose as a working hypothesis that the combination of dynamic stretch and rhythmic massage engendered by the respiratory cycle is responsible for the transient hypertrophy of the denervated rat diaphragm.
Even if passive exercise and massage produced hypertrophy these factors were unable to prevent ultimate atrophy of the denervated hemidiaphragm.
No special event appeared to be correlated with the transition from hypertrophy to atrophy. The fibers of the distal portion of the cut phrenic nerve completely lost their functional ability by the end of the 3rd day after denervation, as shown by failure of electrical stimulation of the peripheral end of the cut nerve to produce diaphragmatic contraction. The time course of sensitization of the denervated tissue has already been considered and we have no other evidence which suggests further intervention either of the degenerating nerve fibers or of the sensitized end plates in the trophic process. It might be suggested from these results that electrical stimulation applied to denervated muscles, while delaying the onset of atrophy, may prove unable to maintain weight indefinitely.
We know of no long term experiments with the rat, but the experiments of Kosman, Osborne and Ivy (33) showed a protective effect in the dog prolonged for at least 9 months. From their results the weight of the muscle on the treated side was much greater than that on the denervated untreated side of the animal. But since the correlation between body weight and gastrocnemius muscle weight of the dog is low it is not possible to judge how much atrophy had taken place in spite of the treatment.
It is not yet clear whether chemical changes in denervated muscle can be prevented by electrical stimulation.
Most investigators have found the contractile tension reduced and chemical changes taking place (22, 34) but Fischer and Ramsey (35) have been able to retard chemical changes. We suggest from our results that a physiological form of treatment so good that it can produce hypertrophy of the muscle fails over the longer term to maintain the integrity of the denervated hemidiaphragm.
According to the assumptions made to explain hypertrophy the rate of atrophy cannot be an uncomplicated one. Even though repetitive stretch and massage failed to maintain hypertrophy we believe it most likely that they at least delayed the atrophic process.
SUMMARY
A series of 68 white rats were subjected to left phrenicectomy using an intercostal approach.
The weight of the denervated hemidiaphragm, compared to a series of controls from animals of corresponding body weight, at first increased, reaching a peak of hypertrophy of about 55 per cent 6 to 8 days after operation. Atrophy followed the hypertrophy period, the weight reaching control level in from 23 to 38 days. Atrophy continued with losses of weight up to 60 per cent after 492 days.
There were no significant changes in Qoz through the periods of hypertrophy and early atrophy, but a somewhat reduced Qo, in late atrophy.
There was no significant change in the absolute amount of connective tissue of the diaphragm. A fluid increase of only minimal proportions was observed and did not account for the bulk of the hypertrophy.
The basis for hypertrophy appears to be due to increased stretch of the muscle fibers plus the exercise produced by normal respiration.
